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Abstract 
The need for renewable energy sources is quickly growing in order to reduce the greenhouse gas emissions. Moreover, 
Navarre, a European region located in Northern Spain is, currently, a global leader in the production and use of renewable 
energy. Actually, more than 80% of its electricity production comes from renewable sources (mainly wind and water). Then, 
having the purpose of increasing the renewable energy sources diversification, the region aims to locate a biorefinery plant which 
mainly serves Northern Spain. Locating decisions are considered strategic, immobilizing a large amount of resources and 
involving an important group of industrial actors. Therefore, they initially show a significant impact on investment costs, and 
later, on the operating costs when the facility is already running. This location activity has also important environmental 
influence due to the usual performance of the biorefinery, involving also the transportation and logistic activities because of the 
supply chain procurement. Once the biorefinery has been located, another problem arises: the design of the supply chain with its 
classical operational decisions: which crops are going to be harvested, when they are going to be collected and how we should 
transport the feedstock to the biorefinery. Apart from this, dealing with farms production is always dealing with uncertainty. 
Thus, climate and weather, competitors and alternate uses, are key factors which influence the availability of biomass. For that 
reason, uncertainty must be taken into account in order to avoid stockouts that allow us the optimization of the total expected 
cost. Moreover, estimated feedstock availability is crucial to determine the optimal plant size. Therefore, the results provide us 
not only the best location of the biorefinery from the economic point of view, but also the variation on feedstock disposal that 
eventually the biorefinery could intake along with its final size.   
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1. Introduction 
The use of fossil fuels to produce energy and raw materials involved an enormous industrial progress in the last 
centuries. Oil exploitation from the nineteenth century allowed obtaining affordable fuel source, along with useful 
raw materials for many industry sectors, including chemical, textile, automotive, construction, etc. However, some 
signs threaten the economic model based on the petrochemical industry, such as an increased demand from 
emerging economies, uncertainty in the price or supply and the political and social interest in reducing gas emissions 
from fossil fuels. Thus, it arises the need to reduce the dependence on petrochemical raw materials by developing 
new energy alternatives from renewable resources. In this context, industrialized countries have begun to consider 
the biomass as a suitable feedstock for energy production given its renewable nature and its wide distribution. 
Therefore, associated to this new technological and industrial paradigm, the “biorefinery” concept was born.  
Since the nineties, there have been many tries in order to define what a biorefinery is, when the concept was set up 
for the first time as a response to new industry tendencies (mainly, increased awareness in renewable resources). 
Nevertheless, the general idea was connected to upgrading biomass to valuable products by using different processes 
such us conversion, gasification, or fermentation, among others. Those high-value products include a wide range of 
different ones including electricity, biofuels and chemical commodities, to name a few (Björn and Pettersson, 2014). 
1.1. Geographical Scope. 
Navarre, where this case study is held, is currently a remarkable example in green energy production. The 
region, located in Northern Spain, covers more than 80% of its electricity consumption by renewable sources. This 
small territory, which accounts for 10,300 km2, and a population around 640,000 inhabitants (see Figure 1), provides 
a model of renewable energies development in all fields. For instance, Navarre wind power generation is greater 
than the one from countries such as Australia, France, Sweden, Ireland, Belgium, Norway, Poland and Finland. 
(Navarre Energy Balance, 2013). Moreover, considering the total energy consumption (oil, natural gas, 
electricity…) renewable energy share was, in 2013, 25.20%, five points above the target set by the EU for 2020, and 
ten points above the Spanish average. Such a production level allowed a saving about 1,000 tons of CO2, (Navarre  
Energy Balance, 2013). 
As a conclusion, Navarre is an important reference in green energy generation. Wind, water and sun are the main 
actors in its “green portfolio” accounting with more than 80% of total electricity consumption. For that reason, 
Navarre aims to set up a biorefinery plant in its territory, using biomass as feedstock from Navarre itself and nearby 
regions, in order to increase the renewable energy sources diversification keeping, at the same time the paradigmatic 
position in the renewables market worldwide. 
Fig. 1 Navarre location and its climatic areas (blue, Atlantic; purple, Mountain; green, Central Navarre; and yellow, Southern Navarre) 
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2. Literature Review 
Location decisions are considered strategic actions which immobilize a large amount of resources and involve an 
important group of industrial companies. Therefore, they initially present a significant impact on investment costs 
and on the operating costs when the facility is already running. For that reason, many papers have covered facility 
location problems in many practical scenarios. In the Heath Care field, the decisions about the optimal location of 
hospitals, ambulances centres and so on, are very important. In logistics, the location of warehouses is a crucial issue 
that companies need to study carefully. A good location decision influences, for sure, in the profitability of those 
kind of business. Daskin (2013) provides excellent applications of this topic as well as an overview of Facility 
Location Problems. 
  
However, when moving to the biorefineries field, there is only a small group of studies about optimal location. Most 
of them use GIS (Geographical Information Systems) strategies as Yu et al. (2014), Xie et al. (2009), Noon et al. 
(2002) or Graham et al. (2000). Graham et al. (2000), for example, covered all available space as potential locations 
to their biorefineries (actually, they divided the map into 1 x 1 km points as potential biorefinery locations).  
Multiobjective programming is also a common practice, such as is shown by You et al. (2012), You and Wang 
(2011)  or Mele et al. (2009) who covered, at the same time, environmental and economic criteria. Actually, You et 
al. (2012) included a third social criterion in which they studied the creation of jobs implications (direct, indirect, 
and induced). Finally, they carried out a ε-constraint procedure and got Pareto curves. Furthermore, the Net Present 
Value, a measure of profitability, is usually employed as function objective as Marvin et al. (2013) did maximizing 
the Total Net Present Value of a biofuel supply chain. It consists of the aggregation of cash flows along the time that 
have been discounted back to the present (Brigham and Ehrhardt, 2014). Regarding resolution methods, the heuristic 
algorithms and exact methods are both widely used to solve small-medium size problems. Panichelli and 
Gnansounou (2008) developed a BIOAL algorithm to allocate biomass between gasification units in order to 
minimize their associated costs. And Celli et al. (2008) developed a genetic algorithm to solve their problem.  
 
Literature review shows that binary variables must be incorporated for problems where dichotomic decisions (i.e., 
whether to locate a facility or not) are crucial, resulting in (mixed) integer linear programs ((M)ILP). In view of this, 
we have developed an ILP for our problem. Finally, even though there are many papers about Stochastic Facility 
Location Problems (SFLP), we could not find any about biorefineries in particular. A recent article about SFLP has 
been published by Bieniek (2015). Nevertheless, we will follow our own methodology to deal with our biorefinery 
location problem with stochastic crops production. 
 
3.  Methodology 
3.1. Data 
3.1.1. Potential Locations 
 
Potential locations are the first decision to consider when dealing with Facility Location Problems. In our case 
study, the potential candidates are the available industrial parks locations for a biorefinery in Navarre. The 
prospective biorefinery is supposed to be in one of 94 candidate industrial parks in the region with the suitable 
services, facilities, access, and infrastructures for hosting a biorefinery; mainly water and waste treatment, vacant 
land, and energy supply . Locations from a database developed by the Navarrese Industrial Department (2015) were 
digitized and overlaid on the map (see Figure 2).  
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Fig. 2. Available industrial parks sites as potential locations for a biorefinery  
3.1.2. Crops  
 
Furthermore, we need to obtain the basic location information of the farms that eventually will feed the potential 
biorefinery. The biorefinery we are designing must be supplied by biomass from Navarre and it is thought to be as 
big as possible. We used data provided from the Navarrese Department of Agriculture (2015) to get high-resolution 
data, which includes total agricultural production harvested per year, municipality and product. As a whole, they 
account for more than one million tons of gross biomass from 208 farms. Considering this information, we took the 
most interested crops for a biorefinery (i.e. canola, alfalfa, rice, oats, corn, wheat, and barley).  
3.1.3. Assignment Cost 
 
Finally, we used as assignment cost the shortest and suitable path route in kilometers between each municipality 
with production and each potential location using the existing road network. Moreover, we are assuming the same 
opening cost for each biorefinery. Knowing that we are going to build exactly one biorefinery, we will remove the 
opening cost from the cost analysis.  
3.2. Model 
Finding the optimal location of a biorefinery is the main objective of this paper as well as designing its associated 
supply chain, which requires the suitable selection of crops. Nevertheless, a single facility location problem is 
straightforward to solve and no complex mathematical models are needed. Here, we define the optimal as the 
potential location that requires the cheapest combination of farms (in terms of its assignment cost) and gets the 
consumption constraint met.  
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The notation is as follows: 
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Now, the model formulation is as follows: 
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Finally, constraints (1) include parameters which have not been explained yet, because of its stochastic 
behaviour. They are the corrector factor (      ) and the size or net biomass consumption (     ), which depend, mainly, 
on the random biomass availability in Navarre. The next section will discuss the uncertainty about biomass 
availability and how it affects to location, supply chain and size decisions. Constraints (2) do not allow ijY to take 1 
if jX does not. 
 
iD jC
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4. Dealing with Stochasticity 
 Most of the problems in real world are not deterministic but stochastic, due to the volatile nature of the collected 
data. In our case study, uncertainty is omnipresent to make the decision of the biorefinery location. For example, the 
farms productions, which feed the biorefinery, depends on many factors, such us rainfall, alternative use, or 
competitiveness of the biomass in the international markets. Moreover, the biomass demand of the biorefinery and 
its size are ones of the key parameters to tune before the location model was decided. If the biorefinery capacity is 
greater than the biomass supply, its performance would not be maximized. Due to the fact that the biorefinery 
capacity is strongly connected with biomass supply, we need to find out what is the real biomass supply in Navarre 
and nearby communities to design it properly. 
4.1. Estimating real net biomass 
The real net biomass is the final dried biomass that the biorefinery can take from every farm. The data available 
from the Department of Agriculture of the Government of Navarre were referred to the total harvested production. 
Nevertheless, yields are not free for the biorefinery usage. Many agents demand also the products needed by the 
biorefinery. For instance, the alfalfa is useful for feeding animals, and for other transformation processes of food 
production.  Moreover, there are controversies surrounding the usage of raw materials with a direct link in the food 
channel (cereals, for example). Therefore, the Navarrese Department of Agriculture considers that a biorefinery 
should not use more than 15% of its total production. However, sometimes the biorefinery cannot take such amount 
of feedstock due to other factors such as climate conditions or soil composition. In this sense, Navarre is divided in 
four different climate zones (see Figure 1). We consider that those areas are independent each other and the 
variations between production areas are not connected. 
 
Furthermore, a random behaviour of each crop was simulated to estimate the biomass availability. For each climate 
zone a random number, called utilization factor, following a triangular distribution, was generated to obtain a 
predictive value of the crops production percentage that we consider as supply for the biorefinery in a particular 
climate area. Then, for each crop, a correlation factor, following a uniform distribution, was calculated in order to 
allow variability that belongs to each climate area. As a result, we are having four independents areas with all their 
farms providing an amount of biomass (which depends on the crop climate zone and on the random correlation 
factor) to the biorefinery. 
 
Being Z the set of climate areas of Navarre (Atlantic, Mountain, Central and Southern), we can define the previous 
utilization and correlation factor as follows:  
 
 
 
   ,   ~  , ,    
   ,   ~  ,  
z z
i i
Utilization factor of z Z Tri Tmin Tmid Tmax
Correlation factor of i I U Umin Umax
J J
U U
 
 
 
 
Based on Navarrese Department of Agriculture information, the Table 1 shows the parameters chosen to 
characterize the previous random distributions. 
Table 1. Random distribution parameters 
Distribution Parameter Value 
Triangular 
Tmax 0.15 
Tmid 0.075 
Tmin 0 
Uniform 
Umax 0.85 
Umin 1.15 
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Thus, on one hand, the utilization factor follows a triangular random distribution with a 0.15 as the maximum 
value due to the biorefinery policy restriction. On the other hand, 0 is the minimum biomass amount a biorefinery 
can take from a crop. Finally, a central point between the maximum and the minimum is thought to be the most 
likely one. Regarding the correlation factor, it follows a uniform random distribution in a 0.85-1.15 interval that 
means that a ±15% variation is allowed. We found a ±15% variation appropriate along the same climate area. 
 
As a result, denoting     as the humidity rate of product p and        as a binary value that assigns every crop i to its 
climate zone z, we can define the corrector factor (     ) as the interaction of utilization and correlation factor: 
 
,   (1 )  i z i p i z
z p
h mD J U ¦¦  
 
A 1,000-times process was run to generate the net yield distribution as we can see in Figure 2. Moreover, Figure 
3 corresponds to the cumulative distribution function. A meaningful cumulative distribution function is used to 
evaluate the maximum biorefinery size (X- axis) depending on the stockout risk the decision maker wants to take 
(Y- axis). Looking at Figure 3, if we do not want to take any risk, the maximum feedstock consumption the 
biorefinery should take is around 45,000 tons of net biomass. If the size biorefinery is 75,000, we will consider a 
30% probability of being out of stock. Similar comments could be performed with the remaining data. 
Fig. 3. Net biomass availability distribution Fig. 4. Outstock Function. 
5. Results 
Three different scenarios have been designed depending on the risk aversion. The first scenario, which is a zero-
risk problem, assumes, as a consumption parameter (    ), the value 45,000. Note in Figure 4 that this strategy 
implies no risk of outstock. Then, the best tradeoff risk-size, that is the first point in the outstock function in which 
marginal increases in both size and risk are the same; from this point on, risk increases faster than size. This best 
tradeoff risk-size strategy takes around 60,000 tons of feedstock consumption with a 6-8% outstock risk. Finally, we 
studied a risky decision of 75,000 tons with a 30% of risk. We consider unaffordable more than 30% outstock 
probability.  
 
Each scenario was analyzed with a simulation run of size 1,000 in order to allow stochasticity in the random 
variables. The computer package we use to analyze each scenario was GAMS (General Algebraic Modeling System) 
ph ,i zm
jC
iD
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which also called the CPLEX solver. Sorted by solution frequency (here reliability), the Tables 2, 3, and 4 show the 
best locations for the three different scenarios. There you can see the average cost and standard deviation, as well as 
the number of crops that are needed to fill the biorefinery. The last column shows the outstock probability at the 
current capacity. 
Table 2. Results for 45,000 tons 
Ranking Cost (mean and sd) # Crops (mean and sd) Reliability Outstock Probability 
Tafalla 1570 (799) 48 (19) 63% 
0% 
Beriain 1451 (430) 48 (10) 13% 
Cadreita 1008 (180) 34 (4) 9% 
Peralta 1001 (262) 32 (6) 5 % 
Falces 928 (167) 34 (4) 4% 
Villafranca 1525 (645) 43 (12) 4% 
TOTAL 1423 (698) 45 (17) 100% 
 
Table 3. Results for 60,000 tons 
Ranking Cost (mean and sd) # Crops (mean and sd) Reliability Outstock Probability 
Tafalla 2589 (1005) 72 (22) 66% 
8% 
Beriain 2059 (481) 61 (10) 13% 
Peralta 1667 (331) 47 (7) 5% 
Cadreita 1459 (209) 47 (9) 2% 
Falces 1171 (410) 44 (9) 2% 
Puente la Reina 6918 (2682) 164 (60) 2% 
Barasoain 2140 (800) 62 (20) 2% 
TOTAL 2501 (1143) 69 (25) 92% 
 
Table 4. Results for 75,000 tons 
Ranking Cost (mean and sd) # Crops (mean and sd) Reliability Outstock Probability 
Tafalla 3489 (1225) 92 (26) 50% 
34% 
Artajona 4553 (1031) 112 (22) 6% 
Beriain 2854 (812) 78 (15) 5% 
Puente la Reina 7297 (561) 170 (10) 3% 
Barasoain 3043 (984) 79 (19) 2% 
TOTAL 3697 (1443) 95 (30) 66% 
 
 
Figure 4 shows the graphical solutions considering the three scenarios previously defined. Each solution is 
described by the corresponding colored triangle.  
Firstly, the purple area corresponds to the scenario of a biorefinery of 45,000 tons of capacity. Secondly, the green 
one is the best tradeoff risk-size solution corresponded to a 60,000 tons. Finally, the orange triangle is the optimal 
solution for the biorefinery scenario of 75,000 tons of capacity. 
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Fig. 5. Pinpointing the most promising locations of the biorefinery in Navarre. 
 
From the analysis of the results (Tables 2, 3, and 4 and Figure 5), we can see how that set of solutions is changing 
depending on the biorefinery capacity. First of all, if the capacity is small, the biorefinery should be located at the 
southern zone (purple), but the solutions are rising as long as the biorefinery capacity increases (orange). The green 
area requires more attention because it contains other two. 60,000 tons is the best tradeoff risk-size and any solution 
inside this area could be the best solution in any case. Since we need to place just one biorefinery, there is one point 
that stands above the others. That location is centered in the municipality of Tafalla, (the yellow star). The Tafalla 
industrial park was the most likely “best location” for all problems. The decision maker has to decide the final size 
of the biorefinery depending on his/her risk preference. Finally, the results also included the crops that we would 
need to fulfill the consumption constraint. 
 
6. Conclusions and future work 
The Facility Location Problems have been widely studied as paradigms for the biorefinery locations analysis. 
Nevertheless, the decision making problems are really new when we consider stochastic assumptions, and this new 
situation is covered by only a small number of papers. In our paper, we have designing a methodology to deal with 
uncertainty in a single-facility location real case. This methodology is related with the real net biomass available for 
the biorefinery. Triangle random distribution simulated the behavior of biomass real utilization depending on 
climatic zones in Navarre. Then, uniform random distribution simulated correlations between the crops and their 
climatic zone that they belong to. As a result, a net biomass distribution was reached as well as an outstock function 
which allowed us to determine the size of our biorefinery depending on the outstock risk the decision maker want to 
assume. Nevertheless, we identified three plausible alternatives: a risk-free, a best tradeoff size-risk and a risky 
decision.  Finally, the results consist of a set of solutions with the different “best solution” got in the simulation-
solved process in each strategy. However, there was a most frequent solution in any case, which stands for the most 
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probable and steady one. Nevertheless, apart from this most common “best solution” we should take into account 
other solutions we got because those were “best solutions” as well. 
 
Regarding future work, we are currently working in an extended version of this problem, which includes more 
decision variables such as the amount of each product that should be collected from every farm, the possibility of 
storing biomass in the biorefinery or in nearby farms, and prices of biomass (as well as uncertainty in the prices). 
Apart from this, a Facility Routing Problem with stochastic farm production (and prices) is the next step in our 
future research. The aim is, not only to find the best location to place a facility, but also the cheapest and cleanest 
transport routes among farms to optimize transportation costs between harvesting areas or biomass fields. 
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